B r i e f c o m m u n i c at i o n s
Hypothalamic neurons that co-produce neuropeptide Y (NPY), AgRP and GABA 1 are fundamental for eliciting feeding behavior [2] [3] [4] , as their selective ablation in adult mice leads to cessation of feeding and, ultimately, death 2, 4 . We sought to test whether these neurons also coordinate other complex behaviors.
We analyzed behavioral responses of mice in which AgRP neuronal excitability was selectively altered by cell-specific deletion of Sirt1 in neurons expressing AgRP (AgRP-Sirt1 mice) 5 . We first analyzed the behavior of AgRP-Sirt1 mice and control littermates in an open-field test 6, 7 . AgRP-Sirt1 mice exhibited increased activity compared with controls during both exploratory (F 1,17 = 8.566, P = 0.009) and novelty stages (U = 11.00, P = 0.004; Fig. 1a) , which is consistent with previous findings that brain infusion of AgRP reduces locomotor activity 8 . During the exploratory phase, no differences were observed in the time spent in the center of the open field (F 1,17 = 2.435, P = 0.13; Fig. 1b) . In the novelty stage, AgRP-Sirt1 mice explored the novel object significantly more than did controls (U = 18.00, P = 0.02; Fig. 1b) . We tested another cohort of mice in a different open field for 60 min (in comparison with 5 min in the previous test), and we observed similar results (t 24 = 3.604, P = 0.001; Fig. 1c ). Motor coordination, skills and anxiety did not differ between genotypes (Supplementary Fig. 1 ). Differences in leptin levels, adiposity and body weight did not account for this phenotype (Supplementary Table 1 and Supplementary  Figs. 2 and 3) .
To further examine the effect of AgRP neuronal excitability on nonfood-related behaviors, we tested the responses of AgRP-Sirt1 and control mice to cocaine. First, we analyzed locomotor responses to cocaine. AgRP-Sirt1 mice had an increased response to cocaine in a dose-dependent manner (dose, F 3,64 = 10.85, P < 0.001; genotype, F 1,64 = 5.304, P = 0.02; interaction, F 3,64 = 2.793, P = 0.04; Fig. 1d ) and had elevated cocaine sensitization response compared with controls (challenge, F 1,21 = 58.155, P < 0.001; genotype, F 1,21 = 3.373, P = 0.08; interaction, F 1,21 = 5.386, P = 0.03; Fig. 1e and Supplementary Fig. 4) . In a conditioned place-preference test (CPP), AgRP-Sirt1 mice showed increased preference for cocaine AgRP neurons regulate development of dopamine neuronal plasticity and nonfood-associated behaviors It is not known whether behaviors unrelated to feeding are affected by hypothalamic regulators of hunger. We found that impairment of Agouti-related protein (AgRP) circuitry by either Sirt1 knockdown in AgRP-expressing neurons or early postnatal ablation of these neurons increased exploratory behavior and enhanced responses to cocaine. In AgRP circuit-impaired mice, ventral tegmental dopamine neurons exhibited enhanced spike timing-dependent long-term potentiation, altered amplitude of miniature postsynaptic currents and elevated dopamine in basal forebrain. Thus, AgRP neurons determine the set point of the reward circuitry and associated behaviors. To explore the mechanism by which AgRP neurons affect reward circuits, we confirmed that AgRP fibers innervated the ventral tegmental area (VTA) in the midbrain 9, 10 (Supplementary Figs. 5 and 6). We then evaluated the synaptic input organization of the VTA dopamine cells and found a marked decrease in the average peak amplitude of miniature inhibitory postsynaptic currents (mIPSCs; t 64 = 2.499, P = 0.01; Fig. 2a ), but not of miniature excitatory postsynaptic currents (mEPSCs; Fig. 2b ). However, we found an increased probability of lower amplitudes in the mIPSCs (k = 0.125, P < 0.001; Fig. 2a) , with increases in the probability of events of higher amplitude for mEPSCs (k = 0.079, P < 0.01; Fig. 2b ). Extracellular dopamine levels in the basal forebrain were significantly higher in AgRP-Sirt1 mice than in controls (control, 0.06 ± 0.01 nM; AgRP-Sirt1, 0.30 ± 0.05 nM; t 6 = 4.353, P = 0.004). We found no differences in synaptic number (Supplementary Table 2 ) between control and AgRP-Sirt1 mice. The melanocortin receptor agonist MT-II and the melanocortin receptor antagonist SHU9119 did not affect mIPSCs in the VTA dopamine neurons (data not shown) 11 , suggesting that GABA is the main effector of the AgRP system in the alteration of VTA dopamine functions and that AgRP-triggered locomotor responses 8 may be mediated by systems other than the midbrain dopamine neurons.
Next, we analyzed long-term potentiation (LTP) induced by a spike-timing dependent (STD) protocol. Blockade of GABA signaling facilitated STD-LTP in control mice 12 (Fig. 2c) . The GABA blocker bicuculline abolished synaptic responses in control and AgRP-Sirt1 mice (Fig. 2d) . However, even in the absence of GABA blockade, AgRP-Sirt1 mice displayed significant facilitation of LTP (dose, F 1,57 = 9.071, P = 0.003; genotype, F 1,57 = 12.22, P < 0.001; Fig. 2e ). AgRP fibers innervated the VTA more robustly during the first postnatal week ( Supplementary  Fig. 7) , suggesting an effect on VTA development, as indicated by differences in LTP propagation between control and AgRPSirt1 mice when STD-LTP was recorded at 
,44 = 5.091, P = 0.01; genotype, F 1,44 = 10.04, P = 0.002; Fig. 2f and Supplementary Fig. 7 ).
To further examine the effect of the AgRP neurons on VTA development, we used transgenic mice that express diphtheria toxin receptor under the control of the Agrp promoter 2 . There was significantly enhanced facilitation of LTP propagation in VTA dopamine cells from AgRP neuron-ablated mice compared with controls (t 20 = 3.332, P = 0.001; Fig. 3a) .
We then tested control and AgRP neuron-ablated mice in the openfield test. During the novelty stage, AgRP neuron-ablated mice had higher activity (t 25 = 2.591, P = 0.007) and spent more time exploring the new object (t 25 = 2.393, P = 0.012) than control mice (Fig. 3b,c) . When AgRP neuron-ablated mice were allowed to explore a new environment for 2 h, a slight increase in activity became evident (t 23 = 2.130, P = 0.04; Fig. 3d) . AgRP neuron-ablated mice had normal home-cage activity and food intake (Supplementary Fig. 8 ). AgRP neuron-ablated mice had elevated responses to cocaine compared with control mice in an acute cocaine dose-response experiment (dose, F 2,46 = 132.4, P < 0.001; group, F 1,46 = 6.333, P = 0.01; interaction, F 2,46 = 2.759, P = 0.07; Fig. 3e ) and in the CPP test (t 12 = 1.76, P = 0.05; Fig. 3f) .
Our results highlight a previously unsuspected role for hypothalamic hunger-promoting neurons in setting midbrain dopamine neuronal activity and nonfood-related behaviors.
MeThodS
Methods and any associated references are available in the online version of the paper. Statistical analysis. For all tests, P ≤ 0.05 was considered to be statistically significant. Data distribution was first tested for homogeneity of variances using Levene's test. If homogeneity was assumed, then one-or two-way ANOVA was used. For two-way ANOVA with repeated measures, sphericity was tested using the Mauchly's test of sphericity, and the degrees of freedom were adjusted using the epsilon calculated by the Greenhouse-Geisser procedure when necessary. To test for LTP response, we used a paired t test (one tail) between pre-and post-stimulation values. When homogeneity was not assumed, Mann-Whitney U test or Friedman's test was used. PASW Statistics 18.0 for Mac software was used for all analysis.
